The freshwater fauna (crustaceans, molluscs, fish) of many tropical islands in the Caribbean and Pacific share an amphidromous lifecycle, meaning their larvae need to develop in saline conditions before returning to freshwater as juveniles. This community dominates the freshwaters of much of the tropics, but is poorly known and at risk from development, in particular dam construction. Amphidromy can theoretically lead to dispersal between different freshwater areas, even to distant oceanic islands, via the sea. The extent and scale of this presumed dispersal, however, is largely unknown in the Caribbean. Recent genetic work in Puerto Rico has shown that many freshwater species have little or no population structure among different river catchments, implying high levels of connectivity within an island, whereas between-island structure is unknown. We used genetic techniques to infer the geographic scales of population structure of amphidromous invertebrates (a gastropod and a number of crustacean species) between distant parts of the Caribbean, in particular Puerto Rico, Panama and Trinidad. We found virtually no geographic population structure across over 2000 km of open sea for these freshwater species. This implies that they are indeed moving between islands in sea currents as larvae, meaning that continued recruitment requires a continuum of healthy habitat from the freshwater to marine environment. We further discuss the role of amphidromy and suggest its ecological and biogeographic role may be more important than previously presumed.
The islands of the Caribbean, with their complex geology and many examples of adaptive radiation (Ricklefs & Bermingham 2008) , have long provided inspiration in understanding the geography of biological relationships (Darlington 1938 , Rosen 1976 . In particular, the distributions of terrestrial vertebrates and birds have provided much of the evidence in the development of biogeographic theory (Ali 2012) . The study of Caribbean freshwater animals, both fish and invertebrates, within the island-like nature of their aquatic habitats isolated by both salt water and land, have also contributed to biogeographic theory (Rosen 1976 , Stock 1986 .
The freshwater environments of many tropical islands, in both the Caribbean and Pacific, share certain physical characteristics, such as short, straight, steep river catchments (Covich 2006) , with variable flows (Monti & Legendre 2009 ). This has led to the development of a very particular pantropical freshwater island community of fish (Gobiidae and Eleotridae), decapod crustaceans (shrimps from the family Atyidae and palaemonid genus Macrobrachium) and molluscs (snails from the Neritidae) (McDowall 2004a) . These share the specialized life history trait of amphidromy , Smith et al. 2003 where species spend most of their lives in freshwater, but reproduce in marine or estuarine environments (Bauer 2011) . In general, females release many very small first-stage larvae in freshwater, which float passively to higher salinity habitats at the coast where they feed, grow and metamorphose through numerous planktonic larval stages over a number of months in the estuarine or marine environment (March et al. 1998 , Blanco & Scatena 2006 , before returning to freshwaters as juveniles (Benstead et al. 2000 , McDowall 2004a .
Certain life history strategies can have a significant effect on the scales of a species' population structure (Page & Hughes 2007) and overall geographic distribution (Smith et al. 2003 ). An amphidromous reproductive cycle lends itself to a high level of connectivity between populations because a planktonic marine/ estuarine phase links up otherwise isolated aquatic habitats (Fièvet 1998) . This is likely responsible for homogenizing freshwater communities on many tropical islands (Covich 2006) . On the other hand, many different larval stages of amphidromous shrimps have been found within Caribbean estuaries, thus some amphidromous species may avoid the marine habitat and remain confined to estuaries where they complete development close to their adult freshwater habitat (Benstead et al. 2000) . This strategy can maximize a safe return to freshwater habitats which can be scarce on many tropical islands (Crandall et al. 2010) .
The alternative strategies of estuarine larval retention or marine dispersal suggest some hypotheses relevant to the geographic scales of species divergence, yet it is difficult to study the dispersal of widespread species directly (Rosen 1976 ). An indirect way to infer dispersal is to explore how genes have moved between populations (Cowie & Holland 2006) . Rosen (1976) showed that there is no point in looking between species to understand dispersal, as they are, by definition, genetically isolated. One must look at the geography and genetic relatedness of populations within a species (phylogeography) (McDowall 2004b) . The nested nature of phylogeographic relationships makes the inference of connectivity possible, both historical and recent (Ricklefs & Bermingham 2008) .
A number of phylogeographic studies of amphidromous species from tropical Pacific islands has revealed a lack of geographic structure and considerable gene flow over scales from hundreds to thousands of kilometers of open ocean, as in neritid snails (Myers et al. 2000 , Bebler & Foltz 2004 , Crandall et al. 2010 , eleotrid and gobiid fish (Chubb et al. 1998) , and atyid and palaemonid shrimps (Bebler & Foltz 2004) .
The amphidromous fauna of the Caribbean has also been investigated using genetic techniques, although these studies have generally been single-species studies limited to one island (e.g. Fièvet & Eppe 2002) . More general biogeographic conclusions require wider taxonomic sampling (Ebach 2011) , as each species can serve as an independent replicate (Chubb et al. 1998) . Many existing multiple-species studies have been phylogenetic in character, with only limited within-species phylogeographic data that could have a bearing on contemporary or historical levels of connectivity (Page et al. 2008) . Some recent multi-species phylogeographic studies have included representatives from many tropical island taxa from isolated river drainages across the relatively large island of Puerto Rico (Cook et al. 2008a (Cook et al. , 2009 (Cook et al. , 2010 . Like many studies of amphidromous species, these found a more or less complete mixing of populations (panmixia) within nearly all species, implying that a high level of geneflow is occurring (Treml et al. 2008) via the marine environment. This means that the relevant geographic scales of genetic connectivity for these amphidromous species may be larger than the island of Puerto Rico itself.
Connectivity and population structure have important implications for the conservation of freshwater communities as, depending on the scale, natural recolonization may counteract localized extinctions (Monti & Legendre 2009 ), which are common in highly variable tropical freshwater systems (Covich 2006) . Migratory amphidromous species are a key component of the freshwater ecosystem of tropical islands, regulating many ecosystem processes , Ramirez & Hernandez-Cruz 2004 . While this life history strategy affords some protection against perturbations because of a propensity for dispersal (McDowall 2010) , amphidromous species can also be peculiarly vulnerable as they require near complete longitudinal connectivity (Benstead et al. 2000) , with a reasonable quality environment required along nearly all of a river, from headwaters to estuary and the sea, to survive and breed (Snyder et al. 2011) . Tropical freshwater ecosystems are becoming endangered with expanding human populations leading to habitat degradation and river fragmentation, lead by Puerto Rico (Moulton & Wantzen 2006) . The building of dams has largely denuded some upstream areas of migratory species in Puerto Rico (Greathouse et al. 2006) , where 27 percent of stream kilometers are upstream of large dams (Snyder et al. 2011) . Furthermore, in downstream areas of Guadeloupe, pollutants accumulate and thus contaminate the food web via juvenile fish and shrimps returning from the sea (Coat et al. 2011) .
Migratory amphidromous species provide a link between headwaters, estuaries, and sea (Benstead et al. 2000) . This dispersal has been studied in downstream (March et al. 1998 ), upstream (Kikkert et al. 2009 , and in both directions (Crook et al. 2009) , as well as between rivers within an island (Cook et al. 2009 ), but the marine component of migration between islands, which genetic data hint are important, is poorly known (Fièvet et al. 2001 , Sorensen & Hobson 2005 . Presumably larvae are transported passively between islands by currents (Treml et al. 2008) , which are complex and variable in the Caribbean (AlveraAzcarate et al. 2009), and may thus define metapopulation boundaries (Bilton et al. 2002) . Cowen et al. (2006) used oceanic circulation models and biophysical larval data to split the Caribbean into four subregions, between which larval dispersal was said to be limited, and thus suggests a hypothesis for the interisland connectivity of amphidromous species. Particular Caribbean islands have been the focus of much important ecological and molecular research on amphidromous taxa, such as Puerto Rico and Guadeloupe (Fièvet & Eppe 2002 , Cook et al. 2009 , however, these studies and areas have not been effectively linked up to define the geographic scale at which relevant ecological and evolutionary processes appear to be operating (Nathan 2005) . As the scales of marine dispersal can vary by five levels of magnitude (Nathan 2005) , and depend on organismal traits (Gillespie et al. 2012) , they are difficult to model without specific data (Treml et al. 2008) . We aim to infer the geographic scales of population structure of Caribbean amphidromous invertebrates by incorporating specimens from across the region to discover if populations are panmictic across large areas, as is the case in the Pacific, or if there are distinct populations at the greaterthan-island scale, as is implied by some models (Cowen et al. 2006) .
METHODS
STUDY SITES.-As numerous freshwater invertebrates from Puerto Rico had been sequenced in Cook et al. (2008a Cook et al. ( , 2009 , we targeted the same species, but from other parts of the Caribbean so as to assess population differentiation across the region. In particular, we sampled the nearby Dominican Republic (approximately 120 km from Puerto Rico), as well as Jamaica and northern Trinidad (both roughly 1000 km from Puerto Rico), and the Bocas del Toro province of Panama (2000 km from Puerto Rico) ( Fig. 1 ). In Panama, we sampled 20 sites on Isla Colón, Isla Bastimentos and the nearby mainland in western Panama (detailed in Torati et al. 2011) . These included freshwater creeks, estuaries, and marine seagrass habitats that were not near the mouths of rivers.
STUDY SPECIES.-We collected adult shrimps, as well as juveniles and zoea larvae (sensu Williamson 1969) (Figs. S1 A and C). It is difficult to identify juveniles and zoeae to species accurately using traditional methods (Chace & Hobbs 1969) . This is because larval stages have fewer obvious characters, are dissimilar to adults of the same species, yet are very alike larvae of other related species, and so genetic techniques can help (Pardo et al. 2009 ). Shrimp specimens were captured with a seine, dip-net or baited box trap and were preserved in 95 percent ethanol.
Five invertebrate species were included in our study, all of which are known to be amphidromous (Chace & Hobbs 1969 , Blanco & Scatena 2006 . The atyid shrimp Atya scabra (Fig. S1 ) was sampled in Panama and Trinidad & Tobago (as well as Puerto Rico; Table S1 ), but its distribution also encompasses coastal South America and West Africa. As an adult it is usually found in clear, fast flowing streams, where it passively filter feeds using a special fan of hair-like setae (Fig. S1 D) (Hobbs & Hart 1982) . It has a relative high fecundity when compared with other atyids (Almeida et al. 2010 ) and ten planktotrophic larval stages (Fig. S1 C) , before reaching the juvenile stage after 53 days (Fig. S1 A) (Abrunhosa & Moura 1988) . The shrimp Xiphocaris elongata, which is generally found in stream pools (Fryer 1977) , was sampled in Jamaica, the Dominican Republic, Puerto Rico, Cuba and Guadeloupe. We were provided with specimens of the neritid snail Neritina virginea from Bocas del Toro, Panama, to compare with Puerto Rican specimens from Cook et al. (2009) (Table S2 ). This species is found in lowland streams usually within 10 km of the coast, often among boulders in riffles (Blanco & Scatena 2006) . The palaemonid shrimp Macrobrachium crenulatum was collected in Trinidad and compared with sequences from Guadeloupe (G. Zimmerman, A. Van Wormhoudt, G. Marquet, N. Ameziane, D. Defaye, P. Valade & P. Keith, unpubl. data). Sequences of Macrobrachium faustinum from Guadeloupe from the same study were compared with Puerto Rican specimens from Cook et al. (2008a) (Table S2 ). Both Macrobrachium species are predators and scavengers, and are often found in quiet pools in island streams (Chace & Hobbs 1969) LABORATORY TECHNIQUES.-A few pleopods or a small piece of muscle tissue was used for each adult or juvenile specimen. Whole individuals were used for unknown microscopic zoeae. DNA was extracted and a portion of the mitochondrial cytochrome oxidase subunit I (COI) gene amplified and sequenced for each specimen as per Cook et al. (2008a) . We designed the following PCR (polymerase chain reaction) primers to achieve this: Atya scabra -AtyaPL (5′-CAG AGC TMG GAC AAC CAG GYA GAT -3′) and AtyaCR (5′-GCA GAT GTA AAG TAG GCT CG -3′); Xiphocaris elongata -COL15 (5′ -CCT GCT GGD GGW GGW GAC CC -3′) and COH19 (5′-TAT ATA AGC ATC GGG GTA ATC -3′); Macrobrachium spp. -MsppLCO (5′ -TCT CAA CAA ACC ATA AAG ACA TTG -3′) and MsppHCO (5′ -TAA ACT TCD GGR TGR CCA AAR AAT CA -3′). For Neritina virginea, we used the primers NVCOI-F (5′-GGA AAC TGA TTG GTG CCT CTA ATG C -3′), and NVCOI-R (5′ -ACC CCC TCC TGC TGG ATC -3′) (Cook et al. 2009 ).
GENETIC ANALYSES.-Each species was analyzed as a separate dataset. The phylogeographic relationships between the large number of A. scabra haplotypes were assessed by inferring a Minimum Evolution tree using PAUP* v. 4.0 b10 (Swofford 2002) with a K2P distance model. Haplotype networks were constructed for all of the other species using TCS v. 1.21 (Clement et al. 2000) . For the three species with at least 10 specimens per area (Puerto Rico, Panama, Trinidad & Tobago, Dominican Republic, Jamaica), namely A. scabra, N. virginea, and X. elongata, overall Φ ST and pairwise Φ ST 's were calculated between relevant areas to assess the amount of genetic variation explained by geography using Arlequin v. 3.5 (Schneider et al. 2000) , with 1000 permutations for significance testing. Molecular diversity was also measured in these three species by calculating haplotype diversity Areas in black are represented in our datasets.
(h), nucleotide diversity (p) and mean pairwise nucleotide differences (k) in Arlequin.
RESULTS
ATYA SCABRA.-All previously unidentified zoeae from freshwaters and juveniles from estuarine and marine environments that we sampled in Panama proved to be Atya scabra when their sequences were compared with those of identified adults and with other atyid species collected in the rivers (Torati et al. 2011) . The new sequences from Panama and Trinidad and Tobago were aligned with published ones from Puerto Rico (from Cook et al. 2008a ) into a dataset, 591 base pairs (bp) long (new GenBank accession numbers for all species JF810967-JF811004, JQ436643-JQ436690; see Tables S1 and S2). As found by Cook et al. (2008a) in Puerto Rico, this species has proved to have very high genetic diversity in all measures, even within the smaller number of specimens from Panama and Trinidad & Tobago (Table 1) . This implies a very large effective population size (Ricklefs & Bermingham 2008) . Some haplotypes were shared between all three areas, and some just between Puerto Rico and Panama, or between Puerto Rico and Trinidad and Tobago (Fig. 2) . There is no discernible geographic pattern of haplotypes, with the three areas spread liberally throughout the tree (Fig. 2) . Overall Φ ST is very low (<0.001) and is non-significant (P = 0.870). Pairwise NERITINA VIRGINEA.-The aligned dataset is 347 bp (Table S2 for GenBank numbers). As with A. scabra above, N. virginea displays a high level of molecular diversity (Table 1) . Also as in A. scabra, haplotypes are shared between the two areas represented (Panama and Puerto Rico) and there is no apparent phylogeographic structure (Fig. 3A) . Pairwise Φ ST between Panama and Puerto Rico is <0.001 and non-significant (P = 0.818).
XIPHOCARIS ELONGATA.-The aligned dataset is 620 bp (Table S2 for GenBank numbers). As for the two previous species, X. elongata displays a high level of molecular diversity (Table 1) . Haplotypes are shared between Puerto Rico and Jamaica and between Puerto Rico and the Dominican Republic, with haplotypes from the different areas mixed (Fig. 3B) . Overall Φ ST is low (0.042), but is significant (P = 0.005). Two of the three pairwise Φ ST 's between areas are low and non-significant (Puerto Rico vs. Jamaica = 0.001, P = 0.389; Dominican Republic vs. Jamaica = 0.036, P = 0.106), but there is a shallow significant result between Puerto Rico and the Dominican Republic (0.077, P = 0.013).
MACROBRACHIUM SPP.-The number of specimens from Guadeloupe was very low, and so diversity and full phylogeographic analyses are not really appropriate. The sequence of M. crenulatum (447 bp; Table S2 ) from Guadeloupe is nested within those from Trinidad (Fig. S2) , and M. faustinum (653 bp; Table S2 ) shows a star pattern, with one of the Guadeloupe sequences shared with Puerto Rico and the other one base pair different (Fig. S2 ).
DISCUSSION
PHYLOGEOGRAPHY AND AMPHIDROMY.-The results of our interisland Caribbean study agrees with that of previous intra-island phylogeographic studies (e.g. Fièvet & Eppe 2002 , Cook et al. 2009 , in that populations of amphidromous species are thoroughly mixed up into one large super-population and do not follow the marine phylogeographic boundaries proposed by Cowen et al. (2006) . In an example of the exception proving the rule, Caribbean molecular studies of freshwater species that have identified withinisland geographic structure have generally been on species with direct development rather than amphidromous with multiple larval stages (crabs: Cook et al. 2008b , Schubart et al. 2011 , fish: Walter et al. 2011 . Cook et al. (2009) showed that the island-scale was insufficient to fully characterize the geographic extent of amphidromous connectivity, and our expanded scale has come to much the same conclusion. It may be that sampling will need to be undertaken even further afield to find the edge of metapopulation boundaries for these taxa, as Atya scabra is found as far away as West Africa (Hobbs & Hart 1982) . Crandall et al. (2010) found restricted geneflow in one species of neritid snail, but only at the very largest scale. For many species, however, our sampling covers the majority of their reported distributions (e.g., Xiphocaris). It may be simply that there are no strong local geographic patterns for many highly dispersive amphidromous species (Cook et al. 2012 ).
An alternative explanation is that the markers we used (mitochondrial DNA -mtDNA) are not fine-scale enough to detect geographic patterns (Bell 2009 ), as even a small amount of geneflow can homogenize the mtDNA of different populations (Cook et al. 2009 ). Populations can form smaller ecological units, which are functionally distinct and yet not easily detectable by molecular means (Bell 2009 ). However, when mtDNA and variable microsatellites have been used in conjunction on amphidromous taxa, they have often shown the same lack of geographic differentiation and high level of connectivity via dispersal (Schmidt et al. 2011) . The three main vectors of long distance dispersal of terrestrial and littoral organisms between islands are wind, birds, and ocean currents (Gillespie et al. 2012) . While wind seems unlikely for these species, and bird mediated dispersal is certainly possible, particularly for snails (Wada et al. 2012) , currents seem the most feasible method by which these aquatic species might disperse. Our data do not necessarily imply that individuals are moving thousands of kilometers through the Caribbean directly between Puerto Rico, Panama, and Trinidad, as there are many potential intermediate stepping stones, although only a limited number between the Greater Antilles (e.g., Puerto Rico) and Central America (Fig. 1) . Nevertheless, our data show no evidence of restricted local estuary-to-estuary hopping, as this would eventually lead to genetic structure between regions, which was also absent in another amphidromous shrimp study (Dennenmoser et al. 2010) .
'Freshwater' amphidromous species may be even more cosmopolitan than many marine species (Crandall et al. 2010) , and form a single class of marine-based dispersers (Cook et al. 2010) . While this may be true for the species in this study, the real situation may be more complex as there is some variation in geographic scales of connectivity, as Crandall et al. (2010) found for one species of snail, which was explained by a delay in larval metamorphosis. In another case, an amphidromous fish in Japan displayed population structure (Tsukagoshi et al. 2011) , again due to a varying life history trait (different breeding times) combined with strong seasonal variation in ocean currents.
LARVAE AND OCEAN CURRENTS.-The scales of connectivity and resulting phylogeographic patterns are determined by a combination of both intrinsic biological factors (such as life history) and extrinsic physical factors (currents/hydrogeography) (Dawson 2012) . Adults of many amphidromous species, such as snails (Myers et al. 2000) and atyid shrimps (Fryer 1977 , Fièvet & Eppe 2002 , are surprisingly not very vagile (including those from the current study), and deal poorly with marine conditions. While species that have a high salinity tolerance as adults, but a life cycle of direct reproduction, can show much less marine dispersal (Walter et al. 2011) . Active dispersers (swimming adults) often seem to travel less over their life time than passive ones (floating larvae) (Covich 2006) , and so larval/juvenile stages appear to be the major agent of dispersal (Cowen et al. 2006 , Treml et al. 2008 .
The simple fact of an amphidromous life cycle may not determine scales of connectivity and population structure because life history variation within amphidromous species can be significant (as detailed above). In particular, the length of time larvae spend at sea (pelagic larval duration -PLD) is frequently identified as contributing to phylogeographic patterns, with longer durations leading to more connectivity and less population structure (Cowen et al. 2006) . Ocean currents and relatively short or long PLDs have been invoked to explain geographic structure (Tsukagoshi et al. 2011) or its absence (Myers et al. 2000) . Bell (2009) reminds us that although fish larvae are planktonic when young, they become nekton as they metamorphose and can swim against the currents of the Caribbean Sea, and thus neither PLD nor currents are strictly deterministic.
As life histories can vary, so do Caribbean surface currents (Alvera-Azcarate et al. 2009), both seasonally and over evolutionary time (Ali 2012) , with the added complexity of extreme events (hurricanes) (Fièvet 1998) . Life history traits set the stage, and currents provide the means, but a potential does not necessarily result in realized patterns (Slatkin's Paradox, see Dawson 2012) . Specific scenarios integrating both biological and physical can be modeled and then tested with molecular methods (Treml et al. 2008 ) and compared with known biogeographic patterns, as done by Foster et al. (2012) for Caribbean coral populations.
PATTERNS OF CARIBBEAN FRESHWATER BIOGEOGRAPHY.-As in many fields, the early researchers of Caribbean biogeography laid out many of the broad issues, probable processes and ways to test hypotheses, even before the methods existed to do so. Darlington (1938) stressed the importance of ocean currents and the life cycles of animals, before either were well characterized. Rosen (1976) explained that really understanding dispersal required within-species data before genetics could be employed, and that Caribbean geological history, which is still being consistently revised (Ali 2012) , could be highly influential. Darlington (1938) understood that current-mediated dispersal is not as haphazard as it would first appear, as the aquatic environment and its denizens follow regular cycles. Cowen et al. (2006) points out that persistent currents can produce general biogeographic patterns in the Caribbean, which can be then modeled (Treml et al. 2008) . Once detailed information of physical and biological information are collected, marine dispersal becomes decidedly non-random (Cowie & Holland 2006) and predictable (Gillespie et al. 2012) . Rosen (1976) felt that dispersal was not a general pattern, but the data from our study and Cook et al. (2008a Cook et al. ( , 2009 imply that there is an important component of the Caribbean freshwater community that forms an ecological class, that results in a general biogeographic pattern from a common process (in this case amphidromy rather than plate tectonics).
AMPHIDROMY ON CONTINENTS.-Amphidromy is generally associated with tropical islands, such as the current study, where it can be the dominant life history trait (Covich 2006 Crook et al. 2006 , Schmidt et al. 2011 , Thuesen et al. 2011 , and shrimps (Walsh & Mitchell 1995 , Rome et al. 2009 , Dennenmoser et al. 2010 , Cook et al. 2012 . These include many of the same taxa (e.g., gobiid and eleotrid fishes, atyid and palaemonid shrimps) and show a similar lack of genetic structure over large areas of coastline (e.g., McGlashan & Hughes 2001 , Dennenmoser et al. 2010 ). This should not be surprising as amphidromy is assumed to be an ancient trait within both fish (McDowall 2004a) and shrimp (Bauer 2011) , and so its presence solely on tropical islands would seem unusual. McDowall (2010) provides some examples of amphidromy on continents, in particular in Central America, which also has short, steep catchments with variable flow, like those found on many tropical islands where amphidromous species flourish. Some long, slow flowing continental rivers, however, also host a few amphidromous species (such as Macrobrachium ohione from the Mississippi River system; Bauer 2011). Recently, another continental example of an amphidromous-dominated ecosystem was identified in tropical Australia, with a community more like those of Pacific islands (Thuesen et al. 2011) . The ecological role of amphidromy is not as well understood as for some other life history strategies (Smith et al. 2003) , perhaps because it is generally more prevalent in tropical areas (Moulton & Wantzen 2006) , and also perhaps because these species do not fit easily into either the freshwater or marine worlds (Bell 2009 ), but straddle them both and so fall between the research cracks. While the impact of amphidromy on freshwater biogeography may be poorly known, an increasing amount of data imply that it may not be merely a local oddity but rather plays a role at larger scales than currently appreciated.
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